Abstract. This paper presents an aerodynamic and aeroelastic analysis of the MEXICO wind turbine, using the compressible HMB solver of Liverpool. The aeroelasticity of the blade, as well as the effect of a low-Mach scheme were studied for the zero-yaw 15m/s wind case and steadystate computations. The wake developed behind the rotor was also extracted and compared with the experimental data, using the compressible solver and a low-Mach scheme.
Introduction
Since the results of the MEXICO project were released [26] , several authors have used the data to validate computational methods. The most popular test case is at 15m/s wind speed, zeroyaw, and pitch angle of −2.3 degrees. Yawed conditions have also been considered by somedata was loaded into a BEM code. The computed loads agreed well with the measurements. However, they found that using the original 2D aerofoil data in the BEM code, the rotor loading was over-predicted, possibly due to strong 3D effects, originating from its complex geometry. Micallef et al. [34] carried out an investigation of the radial velocities close to the rotor plane, using a 3D unsteady potential panel method. They found that radial velocities were higher near the tip region than the root. Likewise, close to the blade, the radial flow velocity is not entirely due to the blade vorticity, but wake-induced radial velocities become important and must be taken into consideration. The computed location of the tip vortices agreed well with the experiments, although the measured tip vortices convected faster downstream. The main discrepancies were concentrated at the mid-span stations. Breton et al. [33] used the PIV data to compare URANS CFD results with the full rotor and an actuator disk model. For this, the vortex position, radius and strength were obtained, with better agreement reported at the near-wake. It was also found that the method employed in the calculation of the radius and strength of the vortices strongly influenced the results and the grid coarseness lead to numerical dissipation, making the identification of vortices difficult.
Xudong et al. [32] implemented a tool for optimising wind turbine blades, consisting of an aeroelastic model and the BEM technique, with a tip-loss correction model. The design variables employed were the chord, twist and relative thickness. Computed aerodynamic results, axial and tangential forces, were compared with MEXICO data with aeroelastic effects accounted for. Flapwise and edgewise deflections were compared between the original and optimised rotors, concluding that the MEXICO blade was near optimal, in terms of the cost for energy production. Only a small correction of the chord near the tip was needed, reducing the cost by further 1.15%.
Pereira et al, [35] adapted the Beddoes-Leishman dynamic stall model for incompressible flows around wind turbines and implemented it into a BEM code. Normal force coefficients at different azimuth angles were compared with the experimental data and better agreement was observed than with the static BEM method, mainly at the sections with higher angles of attack. When large yaw misalignments were considered, the agreement with the experiments was worse. Table 1 summarises the works on the MEXICO wind turbine. Details of the employed solvers, geometry and flow conditions are given. An indication of whether the pressure (P) and/or the velocity field (PIV) were studied is also given.
All authors have encountered discrepancies between their results and the experiments, mainly for the inner sections of the blade. This puts the reliability of the experimental data into question. However, to date, no aeroelastic effects have been taken into consideration in computations. This is important, since the larger the wind turbines become, the lower their stiffness, and the easier their deformations. Likewise, while at the tip of the blades the local Mach numbers can reach values up to 0.4, at the root they are very low and the compressibility effects may be neglected. That is why the low-Mach effects must be also studied. With regard to the PIV, published papers mainly study the axial flow component. 
where V (t) is the time dependent control volume, ∂V (t) its boundary, ⃗ w is the vector of conserved variables [ρ, ρu, ρv, ρw, ρE] T . ⃗ F i and ⃗ F v are the inviscid and viscous fluxes, including the effects of the mesh movement. For hovering rotor simulations, the grid is not rotating.
T is however added to compensate for the inertial effects of the rotation along with a velocity assigned to grid nodes. ⃗ u h is the local velocity field in the rotor-fixed frame of reference.
The Navier-Stokes equation are discretised using a cell-centred finite volume approach on a multi-block grid, leading to the following equations:
where w represents the cell variables and R the residuals. i, j and k are the cell indices and V i,j,k is the cell volume. Osher's [21] upwind scheme is used to discretise the convective terms and MUSCL variable interpolation is used for nominally third order accuracy. The Van Albada limiter is used to reduce the oscillations near steep gradients. Temporal integration is performed using an implicit dual-time step method. The linearised system is solved using the generalised conjugate gradient method with a block incomplete lower-upper (BILU) pre-conditioner [15] .
HMB solver has a library of turbulence closures which includes several one-and two-equation turbulence models and even non-Boussinesq versions of the k − ω model. Turbulence simulation is also possible using either the Large-Eddy or the Detached-Eddy approach.
Multi-block structured meshes are used for HMB. These meshes are generated using ICEMHexa TM of ANSYS. The multi-block topology allows for an easy sharing of the calculation load for parallel computing. For rotor flows, a typical multi-block topology used in the University of Liverpool is described in [11] .
Aeroelasticity Analysis Method
NASTRAN is used for calculating the static structural deformations of a blade that is modelled as a beam. Non-linear CBEAM elements are used along the quarter-chord line of the blade and contain all the blade structural properties. A non-linear static analysis is performed (SOL 106), taking into account the centrifugal forces. This is followed by an iterative process allowing for the large displacements to be taken into account while recomputing the forces due to the aerodynamic loads and the centrifugal forces at each step. The main structural properties needed for this analysis are the distributions of the sectional area, the chordwise and flapwise area moments of inertia, the torsional constant and the linear mass distribution along the span. The offset between the elastic axis and the centre of gravity along the span can also be added to refine the analysis. All structural properties are linearly interpolated between the ends of the beam element. CBAR elements without any structural properties are also used for interpolating the beam model deformation to the blade surface, which is then used for deforming the fluid grid.
The employed NASTRAN model for the MEXICO blade contains 20 CBEAM elements along the blade span and is shown in Figure 5 . For CFD/CSD coupling, the aerodynamic loads are first extracted from the fluid solution and are then used in NASTRAN to obtain the required blade shape. The blade is then deformed based on the structural shape using the method described below. This process is repeated until convergence.
The method developed for HMB [4] first deforms the blade surface using the Constant Volume Tetrahedron (CVT) method, which projects each fluid node to the nearest structural triangular element and moves it linearly with the element. Then, it obtains the updated block vertex positions via spring analogy (SAM). Finally, it generates the full mesh via Transfinite Interpolation (TFI). The method is described in reference [14] , and uses the properties of multiblock meshes to maintain its efficiency as the number of blocks increases, particularly in the spanwise blade direction. It provides flexibility and allows for complex multi-block topologies to be used with good control over the distribution of mesh deformation all over the computational domain.
All-Mach scheme
To account for low-Mach effects, the Low-Mach Roe scheme (LM-Roe) developed by Rieper [23] was implemented in the HMB solver. For details of the implementation, the reader may refer to [24] . The basic principle of this method is scaling the normal velocity jump at the cell interface, ∆u n , by a function dependent on the local Mach number f (M ). The fluxes are calculated as,
where,
The first term in the right hand side of Equation 3 is the central term, while the second term is the dissipation. R Roe i+1/2 and L Roe i+1/2 are the right and left eigenvectors, respectively, and Λ Roe i+1/2 is the matrix of eigenvalues. In Equation 4, u n is the velocity normal to the cell interface, u p and u m are the transverse components. Likewise, ρ indicates the Roe-averaged density. The scaling function employed is the one suggested by Li [25] :
For Mach numbers up to 0.1 the solution obtained with this scheme and the Osher's solver were almost identical, while improvements are obtained for lower Mach number values. This can be seen in Figure 1 , for the pressure distribution and lift and pressure drag convergence of the S809 aerofoil [27] at 2.1 degrees of incidence angle obtained with Osher's and the LM-Roe schemes and compared with the experimental data published in [28] .
Grid generation
As MEXICO is a three-bladed rotor, only a third of the domain was meshed, see Figure 4 , assuming periodicity of the problem. Table 2 lists the employed grids for this study. The blocking employed is based on a C-topology at the leading edge of the blade, while an Htopology is selected at the trailing edge. This optimises the orthogonality of the cells around 
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(f ) C dp convergence the blade surface, which leads to a better boundary layer resolution (see Figures 2 and 3) . The first grid space normal to the blade is 2.4 · 10 −6 m, which gives y + less than 1.0 all over the blade. In order to be able to apply periodicity at the symmetry plane, a hub approximated as an infinite cylinder is considered in the geometry. Note that grid 2 uses the sliding planes technique, described in [9] , for controlling the refinement of the grid in the wake. For this, a configuration of 2 sliding planes parallel to the plane of the rotor was selected, as can be seen in Figure 4 . 
Results and discussion
In all computed cases, axial wind conditions were assumed and the blade pitch angle was always set to ϕ = −2.3 degrees. The turbulence model employed is the standard k-ω [19] . Table 3 summarises the main features of the computed cases. 
Aeroelastic effects
A structural model of the MEXICO blade was put together using data from the MEXICO project reports documenting the manufacturing of the blade [16, 17] . The stiffness of the blade was based on assumed data for 7075 aluminium series. It should be noted that the torsional stiffness parameter J of each blade section was not defined. Hence, two different approaches are adopted: taking the minimum between the flapwise and edgewise inertias min(I i,j ), and average avg(I i,j ). Figure 5 shows the model that includes 20 elements of the CBEAM type of NASTRAN [20] (red) and several rigid bar elements (green) used to allow for better mapping between the CFD and FEM grids. This model was used for the static analysis of the blades, with aerodynamic loads generated using CFD (Test 1). The exchange of loads between NASTRAN and the CFD solver is taking place several times during the computations until the shape of the blade and the aerodynamic loads converge to a final value, as described in [18] . Figures 6 (a) and (b) show the sensitivity of the torsional stiffness parameter to the predicted blade deformation in bending and torsion, for the two approaches previously mentioned and including variations of + − 10%. As can be seen, the bending is slightly dependent on the stiffness modulus (variation of less than 1cm from one approach to the other), while the torsional deflection is highly influential. This leads to high deflections when the minimum value is taken and small when the inertias are averaged, 3.5 • and 0.225 • of torsion at the tip, respectively. The resulting effective incidence angle for both cases is shown in Figure 7 . This high dependence is observed in Figure 8 , where a comparison between the rigid and deformed blades at five blade stations is presented. As can be seen, the aeroelastic effects are present from mid-span to the outboard stations.
Clearly, the torsional stiffness can influence the aerodynamic results. Further work is however needed to characterise the structural behaviour of the MEXICO blade so that the exact effect of the blade aeroelasticity is quantified. 2 ) for Test 1: steady, Re = 1.6 · 10 6 , V wind = 15m/s, M tip = 0.2941.
Low-Mach effects
For this study, tests 1 and 3 are computed, consisting of steady cases at a Reynolds number of 1.6 million and tip Mach number of 0.2941. A comparison between the Osher's [21] , the standard Roe [22] and the LM-Roe [23] schemes is presented in Figure 9 , where the computed pressure coefficients at five radial stations are plotted against the experimental data. As can be seen, the solution obtained with all three schemes is very similar. O-Roe and Osher results are almost identical, while the LM-Roe scheme gave slightly lower values on both pressure and suction sides. However, the differences between the three schemes are minimal. This is due to the fact that, for this test case, the Mach numbers encountered around the blade are not low enough for the low-Mach effects to be important. 
Velocity field
In this section, the velocity field behind the wind turbine is discussed. Steady computations using the standard Osher and Low-Mach Roe solvers, at the conditions of Table 3 , Tests 3 and 4, are compared against the Particle Image Velocimetry data of the wind tunnel campaign [26] . Figure 10 shows the three components of the velocity profiles at two radial stations: 60%R and 82%R. Regarding the axial component (Figures 10 (a) and (d)) higher velocities are observed in the computations, suggesting that the inflow wind speed velocity in the experiments was lower than 15m/s. However, the values obtained with the LM-Roe scheme seem to get closer to the experiments. On the other hand, the oscillatory pattern on the span-wise component ( Figures  10 (b) and (e)) is well captured by both schemes, with better agreement found at 82%R. This is due to grid refinement, since the smaller cells were set between 75%R and 140%R. A similar behaviour is observed for the tangential component (Figures 10 (c) and (f) ), where both schemes gave similar solutions. Nevertheless, an improved grid of higher resolution is necessary for further computations. Finally, Figure 11 shows contours of the three velocity components with the blade at an azimuth angle of 270 degrees, where the position of the vortex can be observed. For the three components, the agreement with experiments is slightly better with the LM-Roe scheme than with the Osher. This is due to a somehow less dissipative nature of the low-Mach solution. The position of the vortex core is well-predicted and any expansion of the core is due to the coarse mesh employed. 
Conclusions and future work
Computing the third of the rotor using periodic formulation in steady-state proved to be very efficient, since the computations were less time-consuming and the grid size was reduced. Regarding the blade aeroelasticity, high dependence on the torsional stiffness was observed. Nevertheless, the aeroelastic method performed well and the structural model can always be reused based on new data for the torsional stiffness. The obtained results showed that lowMach effects on the blade loading were minimal. On the other hand, computations with a finer grid enabled to study the velocity field behind the rotor and showed good agreement with experiments. Likewise, the low-Mach scheme seemed to capture the wake better.
In the future, efforts will be directed in extending the study to cover low-Mach, aeroelastic and wind tunnel effects, as well as computing different wind conditions. 
